Abstract This paper presents the design and characterization of a prototype compact beta-gamma radioxenon detection system that utilizes a coplanar CdZnTe crystal, an array of SiPMs, and a plastic scintillator. The detector is directly mounted on a custom PCB. The system provides the advantage of room-temperature operation, while being compact, low noise, and with simple readout electronics. Preliminary measurements using 137 Cs, 135 Xe, and 133/133m Xe were conducted to optimize various system parameters to achieve optimal resolution of key photopeaks. The purpose of this research was to explore the potential of these radiation detection elements for use in beta-gamma coincidence applications.
Introduction
The monitoring of atmospheric radioxenon isotopes ( 135 Xe, 133 Xe, 133m Xe, and 131m Xe) is a key task of the Comprehensive Nuclear Test Ban Treaty Organization (CTBTO) to identify clandestine nuclear tests [1] . Though radioxenon is produced as a byproduct in various nuclear processes, the ratios in which these isotopes are produced in a nuclear detonation is unique [2] . Additionally, the half-lives of the isotopes, 131m Xe (t 1/2 = 11.93 days), 133 Xe (t 1/2 = 5.25 days), 133m Xe (t 1/2 = 2.19 days), and 135 Xe (t 1/2 = 9.14 h) [3] , are ideal for the correlation of radioxenon detection to a potential nuclear test, as very short half-lives would result in the isotopes decaying too quickly to be detected before being adequately distributed in the atmosphere, and very long half-lives would result in a buildup of the isotope in the atmosphere.
Due to the unique beta-gamma coincident decay properties of these isotopes, radioxenon can be identified at extremely low concentrations in atmospheric samples and be used to ascertain the nuclear nature of an underground explosion. To this end, detection systems have been installed in remote locations on a global scale as part of the International Monitoring System (IMS) to allow for worldwide monitoring of radioxenon release [4] . Set by the CTBTO, all radioxenon detection systems used in the IMS should be capable of a minimum detectable concentration (MDC) of 133 Xe of less than 1 mBq m -3 . Two of the three detectors currently deployed in the IMS [5] are beta-gamma coincidence systems-SAUNA [6] and ARIX [7] (the other, SPALAX, utilizes high resolution gamma spectroscopy [8] ). In addition, other beta-gamma coincidence systems such as the ARSA have been shown to be capable of detecting radioxenon at atmospheric concentrations of less than 1 mBq m -3 [6] [7] [8] [9] [10] . However, these systems each possess disadvantages, ranging from large size, memory effect, the necessity of gain matching and calibration due to the use of multiple readout instruments, fragile and expensive light collection devices (such as PMTs), complex post-processing, and/or the requirement of a liquid nitrogen cooling system. These drawbacks can limit the long term autonomous operation of the detection systems, an essential quality for IMS detection systems.
In an effort to circumvent some of these concerns, a radioxenon beta-gamma detection system prototype called the two-element CZT, or TECZT, was recently designed, & Steven A. Czyz czyzs@oregonstate.edu developed, and tested at Oregon State University [11] . However, significant backscatter of conversion electrons was observed due to the high Z number of CZT, resulting in a detrimental effect on the MDCs of the system. In addition to this, the TECZT system achieved relatively poor resolution of the 30 keV X-ray photopeak compared to other radioxenon detection systems [5, 9, 11, 12] . The MDCs of the detection system for various radioxenon isotopes of interest are determined based on the number of background counts that fall into defined regions of interest (ROIs) on a coincidence plot [13] . These ROIs are defined based on the resolution of the photopeaks (twice the FWHM) of the radiation involved in the coincidence event in question [11] . Characteristic radiation emission energies, half-lives, branching ratios, and coincidence events of interest (marked with superscript ''a'') for these radioxenon isotopes can be seen in Table 1 .
Because the 30 keV X-ray is used as a coincidence identifier in three of the four isotopes of interest ( 131m Xe, 133 Xe, and 133m Xe), it is imperative that the detection system can reliably detect 30 keV X-rays at high resolution such that small ROIs can be defined. By reducing the size of the ROIs to as small as possible, overlap between ROIs is minimized. Additionally, random background coincidence events are less likely to fall into a small ROI. Thus, having a smaller ROI is a strong contributor to an improved MDC.
To provide an alternative to the problems associated with various radioxenon detection systems in the IMS, as well as specifically address the backscatter problem and the poor resolution at low energies observed in the TECZT system, a new prototype beta-gamma radioxenon detection system has been developed and tested at Oregon State University. The detection system consists of a coplanar CZT crystal, an array of silicon photomultipliers (SiPMs), and a vacuum-sealed cylindrical plastic scintillator acting as a gas cell into which radioactive gas samples may be injected. The entire system is mounted on a custom printed circuit board (PCB), and the two signal outputs are read out using a custom field-programmable gate array (FPGA)-based dual-channel digital pulse processor. This paper discusses the design and characterization of the prototype radioxenon system using 137 Cs, and also details preliminary coincidence measurements of 135 Xe and 133/133m Xe and ROI definitions.
Design Detector
The prototype detector that was designed and tested is comprised of a cylindrical plastic scintillator gas cell coupled to an SiPM array, with a single 1 9 1 9 1 cm 3 coplanar CZT crystal adjacent to the plastic scintillator and held in place by a plastic holder (Fig. 1) .The final design of this system would ideally include four 2 9 2 cm 2 face coplanar CZT crystals surrounding the plastic scintillator, with each crystal signal independently converted from analog to digital and summed in the digital domain. By increasing the surface area of the CZT crystals and/or the number of crystals used, the total surface area of the CZT would be increased, thus providing a larger photon detection efficiency and improving the MDC of the system. The resolution for CZT is largely determined by the leakage current of the detector [15] , which is in turn influenced by the thickness of the crystal-thus, varying the surface area should have little effect on the photopeak resolution. By summing the four CZT crystal signals in the digital domain, noise that would be introduced by analog signal summation can be entirely avoided. Because the chief benefit of having multiple CZT crystals is to increase this photon detection efficiency, the design was simplified for the prototype for cost reduction and for simplification of processing electronics.
The design utilizes a cylindrical plastic scintillator gas cell with a total height of 22 mm and an outer diameter of 18.79 mm. The scintillator walls are 2 mm thick, yielding an internal volume of 3.1 cm 3 . The top of the scintillator has a hole 3 mm in diameter, to which an outward facing barb is glued such that an inlet tube and valve can be connected to allow for the injection of radioxenon gas. The entire outside of the scintillator except the bottom is wrapped in several layers of Teflon tape. The bottom of the scintillator is coupled to a 3 9 3 array of 6 9 6 mm 2 SiPMs using silicon grease (Saint-Gobain BC-630). The surface-mount SiPMs are directly mounted to a custom PCB which hosts the analog front-end circuitry for the SiPM array and coplanar CZT, including charge sensitive preamplifiers for both channels and a subtraction circuit in the CZT channel to allow for subtraction of the noncollecting anode grid signal from the collecting grid signal. The scintillator and the CZT are held in place by a custom polylactic acid holder, made by a 3-D printer and attached to the PCB via nylon screws. The system is placed in a grounded aluminum box that contains ports for the connection of voltage supplies and for the connections of BNC cables for signal readout. Analog signals are passed from the PCB to the two-channel digital pulse processor (DPP2) which hosts an onboard FPGA for coincidence discrimination. Coincident signals are passed via USB connection to a MATLAB-based PC user interface, where digitized waveforms and an MCA spectrum are updated in real time.
SiPM array
SiPMs were selected in favor of a PMT for the light readout of the plastic scintillator due to their comparative size, low voltage demands, and ruggedness [16] . By using a tiled array of SiPMs, it was possible to mount all detector components and analog conditioning electronics on a single PCB, something that would be impossible with a PMT due to the length of the tube necessitated by the multiplication dynodes.
Because the ideal detection system can accommodate a 2 9 2 cm 2 face CZT, the SiPM array was designed to match the dimensions of the CZT as closely as possible, while still allowing for 4 CZT crystals to surround the array and coupled scintillator without gaps between the corners of the crystals. Thus, a 3 9 3 SiPM array was constructed using SensL J-series 6 9 6 mm 2 P-on-N diode sensors (MicroFJ-60035-TSV-A1). The J-series model also has low dark count rates (80-157 kHz mm -2 ), high photon detection efficiency ([50% at 420 nm), and high-density 
Plastic scintillator
A plastic scintillator was chosen as a gas cell to allow for the full energy deposition of beta particles and conversion electrons without significantly attenuating gamma and X-rays. The cylindrical enclosure design provides a near 4p solid angle for electrons, and ensures that a particle backscattering in the plastic will scatter back into the same detecting body, reducing the probability of a partial energy deposition in the plastic. In order to ascertain maximum light collection, the plastic scintillator was designed with an external diameter of 18.79 mm such that it would not exceed the dimensions of the SiPM array. Because the planned design utilizes CZT crystals with 2 9 2 cm 2 faces, the scintillator was designed such that the height of the base to the top totaled 20 mm. The later addition of the top disk, made from the same material as the rest of the scintillator body, increased the height to 22 mm. The thickness of 2 mm was selected on the basis of past works that indicate plastic thicknesses ranging between 1 and 2.5 mm are sufficient for detection of electrons and betas produced by radioxenon decay without significantly attenuating low energy X-rays [6, 9, 19, 20] . A hole 3 mm in diameter was machined in the cap to allow for the injection of radioxenon into the gas cell.
The EJ-212, manufactured by Eljen Technology, was selected for having an emission spectrum matched exceptionally well to the MicroFJ SiPM [17, 21] . The cap, base, and walls of the scintillator were separately machined, and connected together using EJ-500 optical cement to complete the beta detecting medium. To further enhance light collection, the entire exterior of the scintillator was wrapped in Teflon tape save the bottom, which is connected to the SiPM array via silicon grease.
Coplanar CZT
Coplanar CZT offers a compact option for high resolution room temperature gamma spectroscopy [22] . For prototyping purposes, a 1 9 1 9 1 cm 3 CZT crystal hosting a pre-fabricated coplanar anode grid was utilized as the photon detection medium. A coplanar design was used to make the CZT a single charge carrier detector, making the signal effectively independent of depth of interaction while still maintaining high resolution at room temperature [23] . This design was chosen over other methods to convert the detector to a single charge carrier, such as a pixelated anode [24] , due to the comparatively simple readout electronics associated with using only two readout signalsone from the collecting and one from the non-collecting grid.
The crystal was designed and manufactured by Redlen Technologies, and previously utilized in the TECZT system [11] . Thin wires were connected to the cathode, collecting, and non-collecting grids using silver epoxy for application of biasing voltage and signal readout. The cathode was subjected to a -1000 V bias, while the collecting and non-collecting grids were subjected to ?45 and 0 V bias, respectively (Fig. 2a) . The assembled detection system was placed inside an alminum housing (Fig. 2b) .
Processing electronics
A custom PCB hosting the analog front-end electronics was designed and fabricated for direct mounting of the SiPM array, scintillator, and coplanar CZT crystal. In addition to having points to connect voltage supplies as well as BNC readouts for each channel, the board hosts a pre-amplification circuit, designed by manufacturer specifications, for the SiPM array [26] and two Amtek A250F/NF pre-amplifiers, one for the collecting and one for the non-collecting grid of the coplanar CZT. The two CZT signals are passed through a subtraction circuit utilizing an AD8039 dual feedback amplifier to produce a single depth-independent output signal. A trimmer was used to perform gain adjustments between the two anode grids to account for charge trapping inside the CZT [27] .
The signal from the SiPM and CZT channels were both passed to a two-channel digital pulse processor (DPP2), designed and developed at OSU, to identify coincident Fig. 1 Solidworks representation of the prototype events in the radioxenon detector [25] . The detector pulses were sampled by a 200 MHz, 12-bit analog-to-digital convertor (ADC). Using a MATLAB user interface [28] , a trigger threshold for each channel and a coincidence timing window (CTW) was defined for an onboard FPGA, which conducts coincidence discrimination in real time [29] . If both pulses are above the user defined trigger threshold and within the CTW, the pulses are passed via USB connection to a PC-otherwise they are rejected. The readout chain and coincidence trigger module are shown in Fig. 3 , and the PCB and DPP2 are shown in Fig. 4 .
The CTW was initially set at 0.8 ls, selected based on the maximum drift time of charges in the 1 9 1 9 1 cm 3 CZT biased at -1000 V [11] . This was further modified to 0.75 ls, which was experimentally found to yield the largest ratio of net counts in the 30 keV region compared to the rest of the spectrum. Pulses were processed using a trapezoidal filter with a peaking time of 1.25 ls and a flat top time of 0.9 ls, which was found to be effective at minimizing unwanted noise while still accounting for full charge collection. Parameters such as biasing voltages, trimmer gain-matching, CTW, trigger thresholds, and trapezoidal filters were determined iteratively and experimentally using lab check sources, and further refined using 135 Xe and 133/133m Xe samples.
Experimental Calibration and radioxenon preparation
A plastic barb was connected to a plastic tube and glued to the top of the scintillator in order to allow for radioxenon injection. The detection system was assembled, taking care to apply light sealing black paint to the injection tube and to apply black light proof tape to all exposed detector surfaces in order to block all external light. The coplanar CZT crystal was calibrated using a 137 Cs source, which was then used to calibrate the Plastic ? SiPM channel by way of observing a line in a coincidence plot indicative of Compton backscatter between the two detectors (Fig. 5b) . Energy thresholds were set at 20 keV in both detectors. A resolution of 3.1% was observed for the 662 keV photopeak in the CZT.
To make a preliminary estimate of the resolution of the electron detection system at the energies of the 131m Xe and 133m Xe conversion electrons (129 and 199 keV, respectively), the Compton scattering line in Fig. 5b is utilized [30] . First, the photon energies correlated with these conversion electron energies by the relationship E c = 662 -E b were calculated to be 533 and 463 keV, respectively. Using the resolution of the 137 Cs photopeak and the 1= ffiffiffiffiffi E c p relationship estimation for photopeak resolution [12] , a range of photon energies one full-width at half-max (FWHM) surrounding 533 and 463 keV were identified. Electrons detected in the Plastic ? SiPM in coincidence with photons at these energies are then utilized to calculate the resolution of the Plastic ? SiPM at the energies of the conversion electron of interest [31] . This procedure yields preliminary resolution estimates of 23% FWHM for the 129 keV conversion electron and 19% FWHM for the 199 keV conversion electron.
Following the energy calibration of the channels, radioxenon samples were injected. To prepare each sample, a vacuum was created in a syringe using a vacuum pump. 3 mL of stable xenon gas was then drawn into the syringe. This was repeated twice-once for 134 Xe and once for 132 Xe. Following the preparation of the samples, the xenon Xe sample was irradiated for 15 h [11] . The samples were then allowed to decay for various amounts of time before injection. Results: 135 
Xe
Due to the short half-life (*9 h), 135 Xe was the first radioxenon sample to be injected and measured. Following these measurements, the cell was evacuated with a vacuum pump, and several days were allowed to pass (to allow for decay of 135 Xe that had diffused into the walls of the plastic scintillator (i.e. memory effect [32] ) before 133/ 133m Xe was injected. During this time, the vacuum pump was left connected to the gas cell with an application of constant vacuum conditions to minimize further diffusion from potentially lingering 135 Xe. The 135 Xe isotope produces 250 keV gamma rays in coincidence with a beta with some energy between 0 and 910 keV and a branching ratio of *90% ( Table 1 ). As such, the detection system should observe a sharp photopeak at 250 keV in the coplanar CZT detector, and a smooth beta spectrum in the Plastic ? SiPM stretching from the noise threshold to around 910 keV.
1.1 million coincidence pulses were recorded, the results of which are shown in Fig. 6 . It should be noted that these pulses were taken with a coincidence window setting of 0.8 ls, as the CTW optimization to 0.75 ls was conducted with the 133/133m Xe sample due to the presence of 30 keV. These plots indicate that the prototype detection system can effectively detect coincident decays from 135 Xe. The measured resolution for the 250 keV photopeak was found to be 5.33%. Of note is a lack of a beta spectrum in the coplanar CZT or any deposition of photons concentrated at a specific energy in the plastic, showing the scintillator has a high efficiency for charged particles while allowing the photons to pass though without significant incident. The presence of coincidence events between the X-ray that occurs in the coincidence decay of 31.63 keV X-ray, 214 keV conversion electron, and beta particle for 135 Xe (as seen in Table 1 ) can be observed in Fig. 6a in the CZT spectrum. However, this coincidence does not present itself in the Fig. 6b coincidence plot because the branching ratio for this decay is over 15 times less than that of the coincidence between the 250 keV gamma ray and beta. This results in the intensity of this decay path being too small to clearly present itself in the coincidence plot.
Results:
133/133m Xe Because 133 Xe and 133m Xe are both created from the irradiation of 132 Xe, both radioxenon isotopes were contained in the injected sample. The 133 Xe isotope emits 81 keV gamma rays in coincidence with a beta with some energy between 0 and 346 keV at a branching ratio of 37.2%, as well as 30 keV X-rays in coincidence with a 45 keV conversion electron and the aforementioned beta at a branching ratio of 48.9%. The 133m Xe isotope produces 30 keV X-rays in coincidence with 199 keV conversion electrons at a branching ratio of 58.4% (Table 1 ). As such, the detection system should observe a photopeak at 30 and 81 keV in the coplanar CZT detector, and a beta spectrum in the Plastic ? SiPM stretching up to 391 keV, with noticeably higher counts near 45 and 199 keV due to the conversion electrons. Following the optimization of the CTW to 0.75 ls, 1.2 million pulses were recorded, the results of which are shown in Fig. 7 .
The 30 keV peak seen in the coplanar CZT is clear, and shows excellent separation from the 81 keV peak. A slightly warmer region can be seen in Fig. 7b , where 45 keV conversion electrons were detected in coincidence with 30 keV X-rays. The resolution measured for the 30 keV peak and the 81 keV peak were 30.0 and 12.8%, respectively. Of note is the absence of a pronounced net count in the 30 keV X-ray and 199 keV conversion electron coincidence region. This was a consequence of the relative activities of 133 Xe and 133m Xe. Due to the high activity of the sample, several days were allowed to pass between irradiation and injection, resulting in a large portion of the 133m Xe decaying into 133 Xe and thereby producing a smaller than expected net count in that region.
Comparison and discussion
Resolutions found from the characterization of the system are compared to other radioxenon detection systems in Table 2 . As it can be seen, the prototype system performs well with respect to photopeak resolution for all measured radioxenon isotopes ( 135 Xe, 133 Xe, and 133m Xe). It should be noted that the resolution of the 662 and the 250 keV photopeaks were determined during the process of parameter optimization, and thus stand to improve significantly in subsequent measurements. Xe; a coincidence spectra observed in the two detection media; b 2-D coincidence energy spectrum in CZT and plastic scintillator
Conclusions
The prototype detection system utilizing coplanar CZT, an array of SiPMs, and a plastic scintillator was designed, constructed, and characterized at Oregon State University in an effort to explore the potential to use these radiation detection elements to conduct beta-gamma coincidence measurements for xenon radioisotopes. The successful proof-of-concept utilized an FPGA based digital pulse processor to provide real-time coincident beta-gamma coincidence identification. The detector was shown to perform competitively with other state of the art radioxenon detection systems in terms of photopeak resolution. Various system parameters such as filter properties, grid gain, and coincidence timing window were optimized for radioxenon beta-gamma coincidence detection, and preliminary resolution measurements of photopeaks of interest for 135 Xe and 133/133m Xe were conducted. The characterization and optimization paves the way for optimal ROI definition in order to yield the best possible MDC for the isotopes of interest.
As this first round of experiments were conducted primarily to characterize and optimize the detection system, future work involves conducting a full background measurement as well as re-measuring all radioxenon isotopes to achieve the best possible resolutions, thereby allowing the definition of optimum ROIs. In addition to retaking the measurements of 135 Xe and 133/133m Xe, 131m Xe will be irradiated and measured. Care will be taken in these future experiments to avoid the decay of 133m Xe such that a prominent signature of the 199 keV CE can be observed.
Following these measurements, the MDC for each isotope will be calculated using equations described in the literature [11, 13, 34] . Expansion of the detection system to accommodate multiple CZT and/or larger CZT crystals will be considered. Other potential improvements involve utilizing pixelated CZT with ASICs to achieve extremely low electronic noise contribution [35] , potentially allowing for the observation of other characteristic radioxenon decay signatures. 
